tion in mitosis but also in the maintenance of genome stability via the DNA damage repair response pathways [Alcantara and O'Driscoll, 2014; Morris-Rosendahl and Kaindl, 2015] . Morever, in recent years, it has become clear that MCPH has both a genetic and clinical overlap with other neurodevelopmental disorders, such as Seckel syndrome, Meier-Gorlin syndrome, and microcephalic primordial dwarfism. For instance, biallelic defects in the genes CPAP/CENPJ and CEP152 have been associated to both MCPH and Seckel syndrome [Bond et al., 2005; AlDosari et al., 2010; Guernsey et al., 2010; Kalay et al., 2011] , CENPE mutations to MCPH and microcephalic primordial dwarfism [Mirzaa et al., 2014] , while STIL mutations have been found both in patients with MCPH and holoprosencephaly (HPE) [Kumar et al., 2009; Kakar et al., 2015; Mouden et al., 2015] , leading to the conclusion that this group of disorders may be considered as a clinical continuum rather than individual entities [Barbelanne and Tsang, 2014; Morris-Rosendahl and Kaindl, 2015] .
In the last years, the implementation of massively parallel sequencing in both research and medical practice contributed significantly to the acceleration in the identification of disease-associated genes, especially for rare and clinically heterogeneous mendelian disorders [Gilissen et al., 2011; Dixon-Salazar et al., 2012; Need et al., 2012; Rabbani et al., 2012 Rabbani et al., , 2014 Yang et al., 2013 Yang et al., , 2014 Wang et al., 2014] . Although the interpretation of the clinical significance and pathogenicity of variants identified by whole exome (WES)/genome sequencing is often challenging [Richards et al., 2015; Amendola et al., 2016] , these technologies allowed researchers to determine the underlying developmental and molecular processes disrupted in many neurodevelopmental disorders, improving the clinical management as well as genetic counseling [Green and Guyer, 2011; Soden et al., 2014; MorrisRosendahl and Kaindl, 2015] .
Here, we report a family with multiple miscarriages and 2 terminations of pregnancy because of profound fetal microcephaly (MC) associated with delayed gyrification and dysgenesis of the corpus callosum. WES allowed the identification of novel compound heterozygous mutations in STIL .
Since overexpression and depletion of STIL result, respectively, in the excess of formation and loss of centrioles [Kitagawa et al., 2011; Tang et al., 2011; Vulprecht et al., 2012; Arquint and Nigg, 2014] , we looked for similar abnormalities in amniocytes of the affected fetuses. Surprisingly, upon functional testing, no centriolar depletion or amplification was observed. However, we detected a significant elongation of at least 1 centriole in each centrosome in the patients' cells. Since the variants are located in the CPAP/CENPJ and the hsSAS6 interacting domains, respectively, these results might point to a novel disease-causing mechanism, namely centriole elongation.
Case Report
This healthy nonconsanguineous couple was referred to our tertiary center at 21 weeks of gestation because of suspicion of MC. After 5 first-trimester miscarriages, the couple had a healthy daughter and a healthy son ( Fig. 1 ) . The 5 spontaneous miscarriages occurred between the 7th and 11th gestational week. Chromosomal causes of recurrent miscarriages were excluded in both parents. The 8th pregnancy resulted after ovulation induction with clomiphene citrate. Fetal ultrasound biometry measurements were within the range for gestational age (21 weeks post menstrual age), but the OFC and biparietal diameter were well below the 3rd percentile [157.6 mm (normal: 176 ± 20 mm) and 42.8 mm (normal: 49 ± 4 mm), respectively]. In the sagittal plane, the sloping fore- ( Fig. 2 A) . Enhanced fetal neurosonography revealed a normally shaped but small cerebellum (3rd percentile) and a normal vermis (7.7 mm). The cavum septi pellucidi was present but appeared very small. The gyri were poorly developed, and sulci were absent ( Fig. 2 B) . The corpus callosum appeared short and thick (11 mm), suggesting the diagnosis of a partial agenesis of the corpus callosum with an abnormal vascular pattern of the pericallosal artery ( Fig. 2 C) . An amniocentesis was performed and revealed a normal fetal molecular karyotype. Mutation analysis of ARX was also normal. After multidisciplinary counseling, the couple opted to terminate the pregnancy at 25 weeks of gestation. Pathological examination of the male fetus did not reveal any additional external or internal macroscopic or microscopic anomalies.
Within a year, the patient became pregnant again, without additional treatment. The second-trimester ultrasound scan (20 weeks post menstrual age) revealed an MC with a sloping fetal forehead ( Fig. 2 D) . The biparietal diameter was 44.2 mm (normal: 47 ± 3.5 mm) and OFC was 164.9 mm (normal: 170 ± 20 mm), both below the 3rd percentile, but all other measurements were in line with gestational age. The small cavum septi pellucidi was associated with a short corpus callosum (<3rd percentile) because of an absent splenium [Malinger et al., 2012] . Further evaluation confirmed the abnormal development of the cortex, with flattening of the insula, absence of the lateral median and the lateral parietooccipital sulci as well as pachygyria. Fetal MRI confirmed the ultrasound findings ( Fig. 2 E) . Again, the couple chose to terminate the pregnancy. Due to autolysis, pathological examination of the fetal brain was not possible.
Materials and Methods

Library Preparation, Exome Enrichment and Massively Parallel Sequencing
First, 200 ng of genomic DNA per each individual were quantified using the Qubit ® dsDNA Broad Range Assay kit on a Qubit Fluorometer (Thermo Fisher Scientific Inc.). Genomic DNA was fragmented using a Covaris M220 ultrasonicator (Covaris, Woburn). Sequencing libraries were prepared following the SureSelect XT Target Enrichment System for Illumina Paired-End Sequencing version B1 December 2014 (Agilent Technologies). The OneSeq Constitutional Research Panel was then used for exome enrichment according to the manufacturer's specification (Agilent Technologies). Sheared DNA, full-genomic and exome-enriched libraries quality was assessed with either Agilent DNA 1000 or DNA High Sensitivity chips run on an Agilent 2100 Bioanalyzer instrument. The samples were then sequenced on an Illumina HiSeq2500 machine in rapid mode using a paired-end 2×100 bp protocol. We obtained on average an 88-fold enrichment of the target region, a mean 30× coverage of 93% and 10× coverage of 97%. Sequence reads were aligned to the human genome reference sequence (Genome Assembly GRCh37/hg19) with the BurrowsWheeler Aligner (BWA version 0.7.8). SAMtools (version 0.1.19) were used for SAM to BAM files conversion, sorting and indexing alignments. Picard tools (version 1.118) were used to compute quality metrics and mark PCR-generated duplicates. The Genome Analysis Toolkit (GATK version 3.2.2) software package was used to perform local realignment around indels and base quality score recalibration. SNPs and small indels were called using GATK HaplotypeCaller (version 3.2 
.2). Variants annotation was performed
Variants Filtering and Sanger Sequencing Validation
Trio-based filtering of all annotated variants collected on an Excel file was conducted manually according to several inheritance patterns using genotype predictions generated by the GATK UnifiedGenotyper tool (homozygous recessive, compound heterozygous, hemizygous, and de novo shared by the affected fetuses). "knownGene"-based annotations were used for further filtering: only exonic, splicing, and nonsynonymous variants were retained. Only variants completely absent from or with a minor allele frequency (MAF) <1% in 1000 Genomes Project, ESP6500si_ALL and dbSNP137 were retained. Candidate variants were further manually explored in the ExAC database (http://exac.broadinstitute.org/), Kaviar (http://db.systemsbiology.net/kaviar/cgi-pub/ Kaviar.pl), in the updated versions of the aforementioned databases (1000 Genomes Phase 3, ESP6500SI-V2 and dbSNP147), and by the in-house developed NGS-Logistic software (https://ngsl. esat.kuleuven.be/), which collects anonymized exome sequencing data generated in 5 Belgian Human Genetics Centers [Ardeshirdavani et al., 2014] . Segregation analysis was performed in all living family members -including 2 unaffected siblings -by standard capillary electrophoresis. Sequencing primers were designed with the Primer3 web application (http://primer3.ut.ee/): for the p. His411Asp variant primers FWD 5 ′ -AGTTGTGTGTCTTGGG-TAGGTA-3 ′ and REV 5 ′ -AGCTTCCCTGGTCAACTAACA-3 ′ ; for the p.Met1124Val variant primers FWD 5 ′ -AAGGCTCTTT-CTGACCACCA-3 ′ , and REV 5 ′ -AGTGTGTTGGCATGCATC-AG-3 ′ . PCR products were purified using the ExoSAP-IT ® PCR Product Cleanup (Affymetrix) and Sanger sequencing reactions performed with the BigDye ® Terminator v3.1 chemistry (Thermo Fisher Scientific Inc.), following bidirectional DNA sequencing with an ABI 3500 Series Genetic Analyzer (Applied Biosystems ® ). GenBank accession Nos. NM_001048166.1 and NP_001041631.1 were used everywhere in the paper for human STIL . The variants reported here were submitted to the LOVD 3.0 shared installation (individual 00089033, variants 0000147090 and 0000147091).
Immunofluorescence and Microscopy, Centriole Count and Length Measurement
Fetal amniocytes from the affected fetus and from a healthy control (invasive testing performed for advanced maternal age and anxiety, prenatal array result, arr(1-22)×2,(XY)×1), were grown on coverslips in AmnioMAX TM C-100 Basal Medium + Supplement (Gibco TM ) at 37 ° C and 5% CO 2 . At 70% confluency, cells were pre-synchronized for 24 h in a 2 m M thymidine-containing medium which blocks DNA synthesis arresting cells in G1/S phase. After thymidine washout, STLC-containing medium (7.5 μ M ) was added to arrest cells in prometaphase and cells incubated overnight. Before fixation, cells were released in normal medium for 2 h. Cells were then fixed in ice-cold methanol at -20 ° C for 10 min, followed by 3× 1% PBS wash, permeabilization in 0.2% PBST (0.2% Tween-20 in 1% PBS) for 5 min, 3× 1% PBS wash, 30-min incubation in blocking buffer (5% BSA/PBS + 0.1% Tween-20) at room temperature, 1-h incubation at room temperature in blocking buffer containing 1: 500 of primary rabbit anti-Centrin-2 antibodies (sc-27793-R, Santa Cruz Biotechnology). After 3× 1% PBS wash, cells were incubated in blocking buffer containing a 1: 1,000 dilution of secondary antibodies (A-11034 goat anti-rabbit Alexa Fluor ® 488, Invitrogen) for 1 h at room temperature, followed by 3× 1% PBS wash and a 15-min incubation in DAPI-containing 1% PBS (1: 10,000). Stained coverslips where then mounted with Mowiol ® 4-88 (Sigma-Aldrich). Confocal images were acquired with a Leica TCS SPE laser-scanning confocal system mounted on a Leica DMI 4000B microscope and equipped with a Zeiss Plan Apochromat 63x 1.40NA oil DIC objective. Optical sections were acquired every 0.17 μm. Images were processed with the ImageJ software, using the 3D-project feature without interpolation and slice spacing of 0.1 μm to rotate images and determine CETN2-positive foci length.
Statistical Methods
XLSTAT tools package (Addinsoft) was used to calculate oneway ANOVA, and Tuckey and Dunnett tests for parametric multiple comparisons of CETN2-positive foci average lengths; k-proportions and Monte Carlo tests were used to determine differences in the proportions of the number of centrioles observed in mitotic amniocytes. For all tests, default settings were used.
Results
Compound Heterozygous STIL Mutations Are the Likely Cause of Fetal Microcephaly
We performed WES on genomic DNA of both affected fetuses and the parents ( Fig. 1 ; individuals I-1, I-2, II-8, and II-9). Since the couple experienced several miscarriages, we hypothesized a homozygous or a combined heterozygous recessive inheritance pattern. Since both fetuses were male, we equally looked for X-linked maternally inherited variants, but did not identify any possible pathogenic/damaging candidates (online suppl. Table 1 ; see www.karger.com/doi/10.1159/000479666 for all suppl. material). Also putative de novo variants shared by the affected fetuses were absent, excluding parental germinal mosaicism as a possible mechanism [Poirier et al., 2013; Zillhardt et al., 2016] . After filtering, no homozygous rare coding variants were detected. Subsequently, we filtered for the presence of rare compound heterozygous mutations, leading to 4 potential candidate genes ( ALDH4A1 , STIL , TTN , and VWF ; online suppl. Table 2 ). The missense variants identified in STIL (c.C1231G; p.His411Asp, maternally inherited and the c.A3370G; p.Met1124Val, paternally inherited) are predicted to be damaging by the most used prediction softwares and involve highly constrained amino acids as indicated by GERP ++ scores (5.05 and 4.99, respectively). The C>G transversion leading to p.His411Asp is absent in all interrogated population ge-netics databases (dbSNP147, 1000 Genomes, Exome Variant Server, ExAC, and Kaviar), while the C>A transversion at the same position leading to p.His411Asn (rs746778024) is present in dbSNP147 and ExAC with a MAF of 0.00002 (2/121,298 alleles). The p.Met1124Val variant is found in dbSNP147 (rs776799930) and has been identified in the UK10K project with a MAF of 0.000013. Sanger sequencing confirmed the presence of both variants in the fetuses as well as the heterozygous state in both parents and showed that the 2 unaffected siblings carried the maternal p.His411Asp variant.
STIL is a centrosomal protein involved in the maintenance of centrosome integrity, mitotic spindle organization, and positioning [Pfaff et al., 2007; Castiel et al., 2011; Kitagawa et al., 2011; Vulprecht et al., 2012] . Most importantly, it represents a key factor required for proper centriole duplication [Stevens et al., 2010; Arquint et al., 2012] . Mutations in STIL are associated with MCPH7 in humans (OMIM 612703) [Kumar et al., 2009] , while ablation of Stil (formerly Sil ) -the mouse orthologue of STIL -causes mid-gestation lethality with marked growth retardation, prominent midline neural tube defects, and randomized axial asymmetry due to an impaired response to Shh signaling [Izraeli et al., 1999 [Izraeli et al., , 2001 David et al., 2014] . The zebrafish stil (formerly sil ) loss-of-function homozygous mutant cassiopeia ( csp ) also displays embryonic lethal defects, with an increased number of mitotic cells displaying disorganized mitotic spindles often lacking one or both centrosomes [Pfaff et al., 2007] . We conclude that the compound heterozygous STIL mutations found by WES in the affected fetuses cause the severe neurodevelopmental defects observed by fetal ultrasound and MRI, possibly also causing the recurrent miscarriages for the couple.
STIL Mutations Cause Centriole Elongation
In light of the severe phenotype detected in the affected fetuses, we hypothesized that the compound heterozygous STIL mutations would be loss-of-function mutations and would recapitulate the depletion of STIL which blocks centriole duplication [Kitagawa et al., 2011; Tang et al., 2011; Arquint et al., 2012; Vulprecht et al., 2012] , possibly causing embryonic lethality in this case. To test this hypothesis, we performed immunofluorescence experiments with antibodies against Centrin-2 (CETN2) to mark the centriolar structures in fetal amniocytes synchronized in prometaphase with the reversible KIF11 inhibitor STLC (S-trityl-L-cysteine). STLC blocks the separation of duplicated centrosomes and bipolar spindle formation without impairing centriole duplication itself [Skoufias et al., 2006] . Control and affected mitotic amniocytes (6089_control, n = 58; 6047_affected , n = 80; 6056_affected , n = 20) were evaluated in an immunofluorescence experiment run in duplicate ( Fig. 3 A) . Surprisingly, no aberrant number of centrioles was observed in the affected fetal amniocytes compared to the controls ( Fig. 3 B) , implying that the mutations detected in the fetuses did not have the hypothesized null effect nor mimic the multiple centriole formation observed in earlier overexpression experiments [Tang et al., 2011; Arquint et al., 2012] . However, when looking at the 3D projection, we noted that at least one centriole per duplicated centrosome appeared longer in affected versus control fetal amniocytes. To quantify this observation, the distance between the first and last fluorescent CETN2-positive stack per centriole was measured and used as an indicator of centriole length. The average length of the longest centriole of each centrosome (designated as "major centriole" or MACe) was compared to the average of the shortest ones (defined as "minor centriole" or MiCe). The average MiCe lengths in affected and control mitotic amniocytes were statistically equal (one-way ANOVA test p = 0.25; pairwise comparison tests, nonsignificant; online suppl. Table 3A ). The control MACe average length is significantly different from both affected and control MiCe values (one-way ANOVA test p <0.0001, significance confirmed by pairwise comparison tests; online suppl. Table 3C ). Since previous electron microscopy studies report that daughter centrioles are usually about 80% the length of the mother [Chrétien et al., 1997; Azimzadeh and Bornens, 2007; Uzbekov et al., 2012] , we can assume that at least for the control amniocytes MiCe and MACe represent daughter and mother centrioles, respectively. On the other hand, average affected MACe lengths were significantly higher than in the control cells (oneway ANOVA test p <0.0001, confirmed by pairwise comparison tests, Fig. 3 C; online suppl. Table 3B ). The average MACe lengths of the amniocytes of both affected fetuses lie far outside the range of measurement uncertainty, making these values significantly different from all MiCes and control MACe .
Discussion
The STIL gene was originally identified through a fusion cDNA in a T-cell leukemia line resulting from an interstitial deletion between STIL and the adjacent 5 ′ UTR of SCL , a putative hematopoietic transcription factor [Aplan et al., 1990] Table 3 for pairwise comparison tests between control and affected MiCes/ MACes singularly).
Cristofoli/De Keersmaecker/De Catte/ Vermeesch/Van Esch ing for a 1,288-amino acid protein. The protein is recruited at the proximal end of nascent daughter centrioles at the onset of centriole duplication together with the centriole duplication factor hsSAS-6 and the centriole length regulator CPAP/CENPJ [Tang et al., 2011] . This process is driven by PLK4 phosphorylation activity [Holland et al., 2010; Ohta et al., 2014; Kratz et al., 2015; Moyer et al., 2015] . When the centriole duplication has occurred, Cdk1 triggers STIL translocation from the centrosome to the cytoplasm where it is degraded via the anaphase-promoting complex/cyclosome-proteasome pathway [Arquint and Nigg, 2014] . STIL levels are tightly regulated during the cell cycle: the protein level is very low in G1 phase, increases gradually during and after the G1-S transition, and finally starts declining at the time of metaphase-anaphase transition [Arquint et al., 2012] . While depletion of STIL in human cells blocks centriole duplication, overexpression of the protein results in the formation of multiple daughter centrioles around a single mother centriole [Kitagawa et al., 2011; Tang et al., 2011; Arquint et al., 2012; Arquint and Nigg, 2014] , a phenotype reminiscent of those observed for both hsSAS-6 and PLK4 overexpression [Habedanck et al., 2005; Leidel et al., 2005; Kleylein-Sohn et al., 2007; Peel et al., 2007; Rodrigues-Martins et al., 2007; Strnad et al., 2007; Cunha-Ferreira et al., 2009; Rogers et al., 2009; Marthiens et al., 2013; Coelho et al., 2015] . Interestingly, mutations in PLK4 have been associated with primordial dwarfism and retinopathy/chorioretinopathy, thus extending the clinical spectrum correlated to centriole de- fects [Martin et al., 2014; Shaheen et al., 2014; Tsutsumi et al., 2016] . For the first time, Kumar et al. [2009] reported the association between homozygous mutations in STIL and autosomal recessive primary MC. In that study, 3 homozygous truncating mutations in STIL were identified in members of 4 Indian families affected by MCPH derived from consanguineous marriages. Subsequently, several other families have been described (overview in Fig. 4 ; Table 1 ), and besides MC, other brain abnormalities including a simplified gyral pattern, reduction of the white matter, abnormal corpus callosum, and lobar HPE were often seen [Kumar et al., 2009; Bennett et al., 2014; Kakar et al., 2015; Mouden et al., 2015] . Fetal CNS developmental abnormalities caused by compound heterozygous STIL mutations have been described in a single previous study in which fetal MC was observed at the 20th gestational week by ultrasound imaging [Bennett et al., 2014] . In this case, MRI imaging performed at the 31st week of gestation revealed severe MC and anomalies consistent with HPE. However, postnatal imaging of the same case showed large symmetric bilateral schizencephaly or hydranencephaly with underlying migrational abnormalities rather than HPE. The 5 miscarriages occurring in our family may suggest a causal relationship between the STIL mutations and embryonic lethality in humans. Unfortunately, no material was present to perform genetic testing retrospectively. Despite this, the phenotype variability observed between individuals with the same STIL mutations [e.g., Kakar et al., 2015; Mouden et al., 2015] ( Table 1 ) allows us to hypothesize that more severe brain malformations may have happened in the previous pregnancies.
The STIL p.His411Asp mutation identified here is located in the proline-rich CPAP/CENPJ-interacting domain of the protein ( Fig. 4 ) , which has also been demonstrated to be responsible for the majority of the binding activity with CPAP/CENPJ [Cottee et al., 2013] . Yeast 2-hybrid screening suggested that the CP3 region of the human CPAP/CENPJ protein (residues 895-1,338) interacts with the STIL region between amino acids 231-619 [Tang et al., 2011] , an interval further narrowed down by Cottee et al. [2013] to STIL residues 391-435. Interestingly, the homozygous missense CPAP/CENPJ mutation p.Glu1235Val found in individuals with MCPH6 [Bond et al., 2005] was shown to interfere significantly with the binding to STIL, strengthening the hypothesis that the aberrant interaction between STIL and CPAP/CENPJ could be a possible mechanism for MCPH in humans [Tang et al., 2011; Hatzopoulos et al., 2013] . Moreover, a systematic computational analysis of the structural consequences of several STIL missense polymorphisms identified rs147744459 (p.Arg242Cys) as a highly deleterious disease-associated nonsynonymous SNP. Although lying outside the CPAP/CENPJ-interacting domain identified by Cottee et al. [2013] , molecular dynamic simulation showed a drastic alteration of the STIL R242C protein structure, which may be responsible for the disruption of the centrosomal location of CPAP/CENPJ [Kumar et al., 2012] . Interestingly, in cooperation with CEP120 and SPICE1, CPAP/CENPJ controls procentriole elongation through its tubulin-dimer binding activity which promotes the polymerization of centriolar microtubules [Comartin et al., 2013; Lin et al., 2013] . A depletion of any of these proteins results in shorter daughter centrioles [Comartin et al., 2013] . Conversely, overexpression of either CPAP/CENPJ or CEP120 induces the assembly of overly long centrioles with atypical supernumerary centrioles branching out from them [Kohlmaier et al., 2009; Schmidt et al., 2009; Tang et al., 2009; Comartin et al., 2013; Lin et al., 2013] . The same results have been observed for depletion of the end-capping protein CP110, which normally localizes to the distal tips of both parental and daughter centrioles [Kleylein-Sohn et al., 2007; Schmidt et al., 2009] . Recently, more insight into the regulation of centriole length was gained with the identification of the N-terminal LID element of CPAP/CENPJ, which acts as a cap that sterically blocks tubulin addition to the centriole distal end, thus controlling this organelle size and ensuring the exceptionally slow growth rate of centriolar microtubules compared to their cytoplasmic counterparts [Sharma et al., 2016] .
The second heterozygous mutation lies within the Cterminal STAN (STil/ANa2) domain of the protein ( Fig. 4 ) . This conserved motif (residues 1,052-1,148) is responsible for the interaction between STIL and the centriolar protein hsSAS6, an event facilitated by the PLK4-phosphorylation of 7 Ser-Thr localized in and around the same domain. This event is required for the recruitment and centriolar targeting of hsSAS6 and the initiation of procentriole assembly [Stevens et al., 2010; Dzhindzhev et al., 2014; Ohta et al., 2014] . Besides phosphorylating STIL, PLK4 binds directly to its CC-domain (residues 721-747), thus allowing its recruitment to the centrioles at the beginning of centriole duplication [Ohta et al., 2014] . The p.Met1124Val change found in this study results in the maintenance of a hydrophobic side chain, but this substitution could either prevent the PLK4-dependent phosphorylation of the surrounding residues or sterically impede the interaction between STIL and hsSAS6, in both cases resulting in the incorrect recruitment of the latter at the site of procentriole assembly. Alternatively, since hsSAS6 possesses an intrinsic microtubule assembly-promoting activity mediated by its C-terminal domain [Gupta et al., 2015] , the p.Met1124Val mutation could promote hsSAS6 stabilization resulting in procentriolar microtubules over-elongation.
It is difficult to speculate how elongated centrioles can lead to MC. Centriole elongation has also been observed in OFD1 syndrome [oro-facial-digital syndrome 1 (OFDS1; OMIM 311200)], an X-linked ciliopathy characterized by malformations of the face, oral cavity, and digits [Ferrante et al., 2001; Thauvin-Robinet et al., 2005] . In addition, this disorder can be accompanied by variable CNS malformations and MC [Gurrieri et al., 2007] . OFD1 associates with the distal ends of centriolar microtubules, constrains mother and daughter centriole elongation, and is required for distal appendage and cilium formation. A number of disease-associated OFD1 mutations have been shown to reduce the ability of the protein to restrain the elongation of the distal portion of centrioles, thus resulting in abnormally long mother and daughter centrioles [Singla et al., 2010] . These defects adversely impact upon the duration of the different phases of the cell cycle which is particularly short in rapidly dividing neural progenitors, contributing to the pathogenesis of cortical abnormalities and MC [Alcantara and O'Driscoll, 2014] . We hypothesize that in our case an impairment of the normal regulation of centriole lengthening could have a similar effect. Further functional investigations on how missense STIL mutations located in binding domains of the protein affect the regulation of centriole elongation and the interaction with other centriolar proteins are definitely required in order to fully understand the molecular mechanisms linking centriole elongation to the pathogenesis of complex brain malformation and MC.
